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Themodifications occurring in the brain during learn-
ing and memory are still poorly understood but may
involve long-lasting changes in synaptic transmis-
sion (synaptic plasticity). In perirhinal cortex, a lasting
decrement in neuronal responsiveness is associated
with visual familiarity discrimination, leading to the
hypothesis that long-term depression (LTD)-like
synaptic plasticity may underlie recognitionmemory.
LTD relies on internalization of AMPA receptors
(AMPARs) through interaction between their GluR2
subunits and AP2, the clathrin adaptor protein re-
quired for endocytosis. We demonstrate that a pep-
tide that blocks interactions between GluR2 and
AP2 blocks LTD in perirhinal cortex in vitro. Viral
transduction of this peptide in perirhinal cortex
produced striking deficits in visual recognition mem-
ory. Furthermore, there was a deficit of LTD in perirhi-
nal cortex slices from virally transduced, recognition
memory-deficient animals. These results suggest
that internalization of AMPA receptors, a process
critical for the expression of LTD in perirhinal cortex,
underlies visual recognition memory.
INTRODUCTION
Learning is widely believed to depend on the same mechanisms
that underlie synaptic plasticity, such as long-term potentiation
and depression (LTP and LTD) (Abraham and Robins, 2005; Bliss
andCollingridge, 1993;Martin andMorris, 2002). Indeed, various
lines of evidence have shown that under certain circumstances it
is possible to produce a correlation between learning and mem-
ory and LTP-like increases in synaptic strength (Maren, 2005;
Rioult-Pedotti et al., 1998; Whitlock et al., 2006). More recently,
LTD-like processes have been suggested to be equally effective
at storing information that is essential for learning and memory
(Kemp and Manahan-Vaughan, 2007; Massey and Bashir,
2007). For example, correlations exist between spatial explora-
tion and both depotentiation and LTD (Abraham et al., 2002;
Xu et al., 1998). However, despite these long-standing associa-186 Neuron 58, 186–194, April 24, 2008 ª2008 Elsevier Inc.tions there is still surprisingly little direct evidence that the mech-
anisms responsible for either LTP or LTD are responsible for
learning and memory.
In this study, we chose to examine whether a link between LTD
and learning and memory could be established. In order to
achieve this, we examined visual recognition memory. The famil-
iarity discrimination component of visual recognition memory
requires perirhinal cortex: ablation of perirhinal cortex results in
deficits in such memory (Brown and Aggleton, 2001; Ennaceur
et al., 1996; Fahy et al., 1993; Gaffan and Murray, 1992; Meunier
et al., 1993;Murray andBussey, 1999; Suzuki, 1996; Suzuki et al.,
1993). Such memory is associated with long-term reductions in
neuronal responsiveness in perirhinal cortex (Brown et al.,
1987;BrownandXiang, 1998; Fahyet al., 1993;XiangandBrown,
1998; Zhu et al., 1996), making it plausible that LTD- rather than
LTP-like mechanisms in perirhinal cortex underlie the learning
(Brown and Bashir, 2002; Warburton et al., 2003).
One approach taken to investigate whether mechanisms of
synaptic plasticity underlie learning has been to blockmembrane
receptors, or biochemical cascades downstream of receptor
activation, that are known to be involved in the induction of syn-
aptic plasticity and to examine whether such manipulations pre-
vent learning and memory (Conquet et al., 1994; Izquierdo and
Medina, 1995; Malenka and Bear, 2004; Martin and Morris,
2002; Massey and Bashir, 2007; Morris et al., 1986; Silva et al.,
1992; Tsien et al., 1996; Warburton et al., 2003). However,
impairment of learning and memory in such experiments could
occur through a myriad of different nonspecific effects rather
than through effects directly on the plasticity mechanism under-
lying the particular learning (Cain and Saucier, 1996; Gerlai et al.,
1998; Martin and Morris, 2002).
In order to circumvent the problems associated with the above
type of approach, we sought a more direct means of seeking
a link between synaptic plasticity and learning and memory. In
order to achieve this, we examined specifically the link between
LTD and memory. The expression of NMDAR-dependent LTD
relies on the internalization of postsynaptic AMPARs through
a dynamin-dependent, clathrin-mediated process (Beattie
et al., 2000; Carroll et al., 1999; Collingridge et al., 2004; Henley,
2003; Lu¨scher et al., 1999; Lu¨thi et al., 1999; Man et al., 2000;
Wang and Linden, 2000). Specifically, it has been shown that
AP2, a clathrin adaptor protein, is important for the inter-
nalization of surface AMPARs and for the expression of
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LTD and Recognition MemoryNMDAR-dependent LTD (Lee et al., 2002). The critical step
involves an interaction between AP2 and the GluR2 subunit of
AMPARs. Preventing this critical step in the expression of synap-
tic plasticity provides a more direct means of investigating the
link between plasticity and learning than has previously been
achieved.
In this study, we used the peptide pepDA849-Q853 (Lee
et al., 2002) to prevent the interaction between AP2 and
GluR2. We report that it prevented LTD in perirhinal cortex
neurons in vitro. Moreover, stereotaxic injections to transduce
perirhinal cortex in vivo with lentiviral vectors expressing
pepDA849-Q853 resulted in a deficit in perirhinal cortex-depen-
dent learning. Furthermore, there was a deficit in LTD in perirhi-
nal cortex slices from pepDA849-Q853 transduced animals.
These data provide evidence that perirhinal cortex-dependent
learning and memory is dependent on LTD expression mecha-
nisms.
Figure 1. LTD in Perirhinal Cortex Is
Dependent on the Interaction between
AP2 and GluR2
(A) Pairing depolarization to 40 mV with 1 Hz
stimulation results in homosynaptic LTD (filled
circles). Note no effect in heterosynaptic input
(open circles). Each point is the average of four
consecutive EPSCs.
(B) LTD is blocked by the NMDAR antagonist
D-AP5.
(C) Including pepDA849-Q853 in the whole-cell
filling solution has no effect on baseline transmis-
sion (filled circles). Open circles indicate data from
interleaved experiments without pepDA849-Q853
in the filling solution.
(D) pepDA849-Q853 has no effect on isolated
GABAA IPSCs (top row of traces) or isolated
NMDA EPSCs (bottom row of traces).
(E) LTD is completely blocked in experiments in
which filling solution contains pepDA849-Q853.
(F) LTD is induced in interleaved control experi-
ments with filling solution containing the control
peptide, pep-K844A.
Traces above graphs are synaptic responses
taken from the time points indicated and for panels
(C)–(E) are shown for pepDA849-Q853 experi-
ments only. Stimulus artifacts are removed for
clarity. Pairing and 1 Hz induction protocol indi-
cated by joined upward arrows on the graphs.
Error bars represent SEM.
RESULTS
GluR2-AP2 Interaction Underlies
Expression of NMDAR-Dependent
LTD in Perirhinal Cortex
We recorded from single neurons in peri-
rhinal cortex slices using whole-cell
recording in vitro. Robust LTD (to 46% ±
6% of baseline, n = 9, p < 0.001;
Figure 1A) was induced by pairing depo-
larization of the postsynaptic neuron to
40 mV with conditioning stimulation (200 stimuli at 1 Hz). This
form of LTD was homosynaptic; no depression was observed
in the nonconditioned input (96% ± 7%, n = 9, p > 0.05;
Figure 1A). Furthermore, the induction of LTD was NMDAR
dependent, being blocked by the selective NMDAR antagonist
D-AP5 (96% ± 7%, n = 7; p > 0.05; Figure 1B). The effect of con-
ditioning stimulation in the presence of D-AP5 was significantly
different to that in the absence of D-AP5 (t(14) = 6.92, p < 0.001).
Further experimentswereperformed inwhich thewhole-cell fill-
ing solution contained the peptide pepDA849-Q853 to prevent
the interaction between GluR2 and AP2 (Lee et al., 2002). In peri-
rhinal cortex neurons, pepDA849-Q853 had no effect on baseline
AMPAR-mediated transmission (112% ± 8%, n = 6, p > 0.05;
Figure 1C), and there was no difference (t(10) = 1.91, p > 0.1)
between cells in which pepDA849-Q853 was present compared
to cells recorded in the absence of the peptide (104% ± 7%,
n = 6; Figure 1C).Neuron 58, 186–194, April 24, 2008 ª2008 Elsevier Inc. 187
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LTD and Recognition MemoryFigure 2. A Deficit in Object Recognition
Memory in Animals following Lentiviral
Transduction of pepDA849-Q853
(A) Object recognition memory was normal in
lentiviral-EGFP animals and in pep-K844A-trans-
duced animals, but there is a deficit in object rec-
ognition memory in pepDA849-Q853-transduced
animals at 5 min and 24 hr delays.
(B) The hippocampal-dependent object-in-place
memory task is unaffected in lentiviral-EGFP
animals, pep-K844A-transduced animals, or
pepDA849-Q853- transduced animals.
(Ci) Extent of transduction is indicated by EGFP
expression. This example indicates transduction
of pep-K844A. S1 and S2 indicate the position of
stimulating electrodes and r, recording electrode,
in layer II/III of perirhinal cortex. (Cii) NeuN expres-
sion demonstrates neuronal staining in the same
slice.
(D) Indicates the fraction of transduced neurons in
the animals examined.
Error bars represent SEM.The addition of pepDA849-Q853 had no effect on GABAAR- or
NMDAR-mediated transmission (108% ± 4%, n = 3, p > 0.05;
106% ± 3%, n = 3, p > 0.05, respectively; Figure 1D). There
was no significant difference between experiments including
pepDA849-Q853 and interleaved controls lacking pepDA849-
Q853 for either GABAAR- or NMDAR-mediated transmission:
GABAA (t(4) = 0.24, p > 0.5); NMDA (t(4) = 0.21, p > 0.5).
The induction of LTD was completely blocked in experiments
in which pepDA849-Q853 was included in the filling solution
(99% ± 6%, n = 7, p > 0.05; Figure 1E) but was induced in inter-
leaved experiments in which pepDA849-Q853 was not included
in the filling solution (47% ± 6%, n = 7, p < 0.005; data not
shown). In addition, we performed experiments with the control
peptide pep-K844A, which does not block GluR2-AP2 interac-
tion (Lee et al., 2002). Inclusion of this peptide in the whole-cell
solution had no effect on basal transmission (data not shown)
and had no affect on the induction of LTD (50% ± 13%, n = 6,
p > 0.05; Figure 1F). The effect of LTD inducing stimulation
was significantly different in the presence of pepDA849-Q853
compared to interleaved controls (t(12) = 9.64, p < 0.001) or in
the presence of pep-K844A (t(11) = 4.88, p < 0.001).
These results provide evidence that preventing GluR2-AP2
interaction blocks activity-dependent LTD in perirhinal cortex
without effects on normal glutamatergic excitatory or GABAergic
inhibitory transmission.
GluR2-AP2 Interaction Underlies
Visual Recognition Memory
To examinewhether activity-dependent LTD plays a role in visual
recognition memory, we used bilateral stereotaxic injections in
vivo to transduce perirhinal cortex with lentiviral vectors
expressing either pepDA849-Q853-IRES-EGFP, the control pep-
tidepep-K844A-IRES-EGFP,or lentivirusexpressingEGFPalone.
Fourteen days after lentivirus injection, animals were tested in
different memory tasks. First, we measured perirhinal cortex-
dependent familiarity discrimination by an object recognition188 Neuron 58, 186–194, April 24, 2008 ª2008 Elsevier Inc.memory test that measures a rat’s spontaneous preference of
a novel compared to a familiar object (Ennaceur and Delacour,
1988). As acontrol, wemeasuredhippocampally dependent spa-
tial memory by an object-in-place task in which the spatial posi-
tionsof objects are interchanged toproduce anewspatial config-
uration (Dix and Aggleton, 1999). The experimenter was blind
concerning whether animals were pepDA849-Q853-transduced,
pep-K844A-transduced, or lentivirus controls.
Object recognition memory was unaffected by lentiviral-EGFP
transduction into perirhinal cortex: the animals spent signifi-
cantly more time exploring novel compared to familiar objects
following a postacquisition delay of either 5min or 24 hr (discrim-
ination ratio significantly greater than zero, for 5 min test: D2 =
0.41 ± 0.04, n = 8, p < 0.001; for 24 hr test: D2 = 0.37 ± 0.06,
n = 8; p < 0.05; Figure 2A). Furthermore, object recognitionmem-
ory was unaffected by lentiviral transduction of the control
peptide pep-K844A into perirhinal cortex: the animals spent
significantly more time exploring novel compared to familiar
objects following a postacquisition delay of either 5 min or
24 hr (for 5 min test: D2 = 0.4 ± 0.07, n = 8; p < 0.001; for 24 hr
test: D2 = 0.36 ± 0.06, n = 8; p < 0.001).
In marked contrast, however, object recognition memory was
disrupted in lentiviral-pepDA849-Q853-transduced animals:
these animals were unable to differentiate between novel and
familiar objects following either a 5 min or a 24 hr delay (for
5 min test: D2 = 0.10 ± 0.12, n = 8, p > 0.4; for 24 hr test:
D2 = 0.10 ± 0.04, n = 8; p > 0.06; Figure 2A). Thus, there was
a significant main effect of treatment at 5 min (F(21) = 29.45,
p < 0.001) and 24 hr (F(21) = 22.17, p < 0.01).
There were no differences between the pepDA849-Q853-
transduced animals, pep-K844A-transduced animals, and con-
trol animals with respect to total exploration (data not shown),
indicating that pep-K844A and pepDA849-Q853-transduction
had no untoward effects on other behavioral factors, such
as perception, motivation, and motor function, important for
completing the learning task.
Neuron
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animals were all able to perform the object-in-place memory
task (EGFP control group: D2 = 0.38 ± 0.03, n = 8, p < 0.001;
pep-K844A: D2 = 0.39 ± 0.03, n = 8, p < 0.001; pepDA849-
Q853: D2 = 0.41 ± 0.05, n = 8, p < 0.001; Figure 2B) with there
being no difference in performance between the groups (F(21) =
0.41, p > 0.7).
The extent of spread of lentivirus in perirhinal cortex was
assessed by examining EGFP fluorescence in a subset of
animals (Figure 2C). Three animals from each group were anes-
thetized with euthetal and perfused transcardially with PFA. Fol-
lowing appropriate preparation (see Experimental Procedures),
EGFP expression was monitored using fluorescent microscopy.
The maximum anterior-posterior spread was 1.8 mm, dorsal-
ventral spread 1.4 mm, and the medial-lateral spread 1.1
mm. Thus, a large portion of the perirhinal cortexwas transduced
by the lentiviral technique (Figure 2C). The extent of neuronal
transfection (60% ± 2%, Figure 2D) was assessed by calculating
the fraction of NeuN-stained cells that were colabeled with
EGFP. These neurons occurred in layers II/III and V/VI of perirhi-
nal cortex in an area that included the whole of the region that
Figure 3. pepDA849-Q853 Transduction
Produces a Deficit in LTD
(A) Extracellular recording to show that homosy-
naptic NMDAR-dependent LTD (filled circles) is
induced in perirhinal cortex with no effect on the
heterosynaptic input (open circles).
(B) There is no effect of pep-K844A or pepDA849-
Q853 transduction on input/output characteris-
tics.
(C) LTD is induced in slices from lentivirus-EGFP
control animals and (D) in slices from pep-
K844A-transduced animals, but (E) is absent in
slices from pepDA849-Q853-transduced animals.
In (C)–(E), filled circles represent test inputs and
open circles the heterosynaptic input. The LTD in-
duction protocol is indicated by the joined upward
arrows.
(F) LTP is induced in slices from pep-K844A-
transduced, pepDA849-Q853-transduced, and
lentivirus-EGFP animals. For clarity, only the ho-
mosynaptic input is illustrated.
Error bars represent SEM.
encompassed the in vitro electrophysio-
logical recording and stimulating sites.
These results show that disruption of
GluR2-AP2 interaction in perirhinal cortex
prevents visual recognition memory. Our
results strongly indicate that the disrup-
tion of the memory process was due to
the specific effects of pepDA849-Q853
blocking AMPAR internalization and not
a nonspecific effect of viral transduction.
Furthermore, transduction into perirhinal
cortex resulted in a selective deficit of
object recognition memory with no effect
on a hippocampally dependent spatial
memory task. The selectiveness of the
effect on nonspatial but not on spatial learning provides an
important additional control for the effects of the transduction.
LTD Is Absent in Slices from pepDA849-Q853-
Transduced Perirhinal Cortex
Next, we carried out experiments to examine whether there were
any effects on LTD of the in vivo pepDA849-Q853-transduction
of perirhinal cortex. First, we performed a series of control exper-
iments in perirhinal slices from naive animals. In these slices, we
confirmed, using extracellular field recordings, that NMDAR-
dependent LTD was induced by 5 Hz stimulation (In D-AP5:
98% ± 3%, n = 5, p > 0.6. After washout of D-AP5: 77% ± 7%,
n = 5, p < 0.01; significant difference between D-AP5 and
wash, t(4) = 5.65, p < 0.001; Figure 3A).
The same recording and stimulation protocols were then used
in perirhinal cortex slices taken from the different transduced
animals, which had performed the object recognition and
object-in-place tasks. The experimenter was blind concerning
the animals from which the perirhinal cortex slices originated.
There were no differences (F(12) = 0.69, p > 0.5) in the
magnitude of basal synaptic transmission between slices fromNeuron 58, 186–194, April 24, 2008 ª2008 Elsevier Inc. 189
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there was no difference in the input/output curves between
naive, pep-K844A, and pepDA849-Q853-transduced animals
(F(12) = 0.09, p > 0.9; Figure 3B). These results suggest that there
were no adverse effects of lentiviral transduction of the different
peptides on neuronal viability and, furthermore, that network
excitability was also not adversely affected following lentiviral
transduction.
In slices taken from EGFP control animals, homosynaptic LTD
was induced on each occasion tested (73% ± 7%, n = 5, p <
0.01; Figure 3C). Furthermore, in slices from pep-K844A animals,
homosynaptic LTD was also induced on each occasion (81% ±
4%, n = 5, p < 0.001; Figure 3D); the magnitude of LTD
was not different (F(12) = 0.53, p > 0.6) between naive, EGFP con-
trol, or pep-K844A animals. However, in slices taken from
pepDA849-Q853-transduced animals, LTD was not induced on
any occasion tested (104%± 3%, n = 5, p > 0.6; Figure 3E). There
was a significant main effect of treatment on LTD inducing
stimulation (F(12) = 6.86, p < 0.01).
In contrast to the deficit in LTD, LTPwas induced in slices from
pepDA849-Q853 transduced animals (114% ± 2%, n = 5, p <
0.05; Figure 3F), in slices from EGFP control animals (123% ±
6%, n = 5, p < 0.05; Figure 3F), and in slices from pepK844A
animals (130%±4%,n=5, p<0.01; Figure 3F). Therewasno sig-
nificant effect of treatment on the magnitude of LTP (F(12) = 2.65,
p > 0.1). Together, these results suggest that LTD, but not LTP,
is blocked by pepDA849-Q853 transduction and that LTD mech-
anismsare likely toplayacritical role in visual recognitionmemory.
DISCUSSION
There is accumulating evidence that mechanisms of synaptic
plasticity are involved in experience-dependent changes in the
developing cortex (Bear, 2003; Clem and Barth, 2006; Clem
et al., 2008; Kirkwood et al., 1995; Quinlan et al., 1999), but there
has been little previous evidence directly linking mechanisms of
synaptic plasticity to cortical learning and memory. This study
demonstrates that LTD expression mechanisms in perirhinal
cortex play a critical role in visual recognition memory.
Previous work demonstrated that AP2 plays a key role in the
expression of hippocampal activity-dependent LTD (Lee et al.,
2002); we have extended that finding to perirhinal cortical LTD.
We also showed that the peptide we used to block the GluR2-
AP2 interaction did not affect other receptors or baseline trans-
mission, so increasing confidence that the observed effects on
learning are due specifically to disruption of LTD. AP2 is known
to be involved in the internalization of other membrane proteins,
such as GABAA (Kittler et al., 2005) and NMDARs (Prybylowski
et al., 2005). However, the interaction sites between AP2 and
GABAA and NMDARs are not the same as the site of interaction
between AP2 and GluR2 (Kittler et al., 2005; Lee et al., 2002;
Prybylowski et al., 2005). Therefore, it is not likely that the effects
we demonstrate of pepDA849-Q853 are via interactions with
other receptor systems. Indeed, we showed directly that
addition of pepDA849-Q853 into perirhinal neurons did not affect
GABAA or NMDAR-mediated transmission. Finally, we estab-
lished that basal AMPAR-mediated transmission was unaffected
by pepDA849-Q853. These results provide evidence that190 Neuron 58, 186–194, April 24, 2008 ª2008 Elsevier Inc.pepDA849-Q853 interferes specifically with activity-dependent
AMPAR trafficking needed for LTD but not with constitutive
trafficking of AMPA or other receptors.
Importantly, we demonstrated that blocking the GluR2-AP2
interaction in vivo prevents visual recognitionmemory. The effect
of pepDA849-Q853 on recognition memory is readily explained
by a specific block of AMPAR endocytosis, resulting in preven-
tion of the expression of NMDAR-dependent LTD. In slices
from transduced perirhinal cortex, LTD was not observed, but
LTP was induced. This contrast suggests that LTD, but not
LTP, plays a critical role in the mechanisms of visual recognition
memory. Furthermore, the lack of effect on LTP suggests that the
effect of pepDA849-Q853 is specific to blockade of internaliza-
tion of AMPARs necessary to LTD and does not affect other
aspects of AMPAR trafficking. A previous study, using a dyna-
min-derived peptide to prevent clathrin-dependent AMPAR
endocytosis, has suggested that LTD-like mechanisms are
also required for behavioral sensitization (Brebner et al., 2005).
Therefore, LTD-like mechanisms may be crucial in other behav-
iors aswell as in recognitionmemory. The reasons for a complete
block of LTD in transduced slices are not clear and will require
further investigation. However, that there is no effect on LTP or
on basal transmission suggests that the complete loss of LTD
is unlikely to be due to major effects on network properties. If
LTD underlies recognition memory, this raises the question
why baseline transmission or LTD in perirhinal slices from control
animals was unaffected. The most likely reason is that, in these
experiments, the animals perform a very limited number of unre-
warded object recognition memory tasks resulting in changes
only at a very small percentage of the total synapses within
this cortex. Given the very large learning capacity of, and the
numbers of synapses within, perirhinal cortex, it is most unlikely
that such a limited learning experience will have a detectable
effect on evoked field EPSPs. However, it is entirely possible
that under different conditions, for example multiple exposure
visual learning, changes in synaptic transmission and plasticity
could be produced, as demonstrated in motor cortex (Rioult-
Pedotti et al., 1998).
Our use of viral vectors for the in vivo study avoids complica-
tions associated with knockout experiments, such as lack of
temporal control, developmental compensatory mechanisms,
and regional nonspecificity. These are key considerations in
experiments assessing learning andmemory. Object recognition
memory was totally impaired at both short (5min) and long (24 hr)
delays by transduction of the peptide blocking GluR2-AP2 inter-
action in perirhinal cortex. In contrast, however, object recogni-
tion memory was not affected by viral transduction of the control
peptide pep-K844A, which does not block GluR2-AP2 interac-
tion (Lee et al., 2002), nor was it affected by the lentivirus-
EGFP. This strongly suggests that the disruption of the memory
process was due specifically to the effects of pepDA849-Q853
and not due to nonspecific effects of lentiviral vector technology
(Naldini et al., 1996). Furthermore, in vivo lentiviral transduction
had no effect on baseline properties or input-output characteris-
tics, strongly suggesting that there were no untoward effects on
neuronal responsiveness or network properties. In addition,
transduction blocking the GluR2-AP2 interaction was selective
in blocking perirhinal-dependent nonspatial, but not spatial,
Neuron
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pepDA849-Q853-, pep-K844A-transduced, or lentiviral control
animals further indicates the lack of nonspecific effects of viral
transduction. Viral delivery techniques have also been used
recently in investigations of fear conditioning (Rumpel et al.,
2005) and cortical development (Takahashi et al., 2003), further
indicating the potential effectiveness of this approach. In this
and other studies, the assessment of viral transduction may be
anunderestimate of actual transduction efficiency if, for example,
some transduced neurons do not reach threshold for visualiza-
tion and if the EGFP signal declines with time. Thus, it is poten-
tially possible that transduction of neurons occurs in a larger
region of perirhinal cortex than indicated by EGFP labeling.
The results of the present study are significant because we
show a direct link between the expression mechanisms of
NMDAR-dependent LTD in the cortex and mechanisms of visual
recognition memory. Because NMDAR-dependent LTD occurs
in many regions of the brain, it is likely that these present findings
will be of widespread significance in relation to other memory
mechanisms.
EXPERIMENTAL PROCEDURES
All experiments were performed on, or on tissue obtained from, adult male
Dark Agouti rats and procedures had approval from University of Bristol ethics
committee and were performed in accordance with United Kingdom Animals
Scientific Procedures Act (1986). All efforts were made to minimize the suffer-
ing and the number of animals used. Whole-cell or field potential recordings
were used to monitor synaptic transmission and LTD in slices from perirhinal
cortex. PepDA849-Q853 was introduced into single neurons in vitro via the
whole-cell filling solution to examine effects of blocking GluR2-AP2 interaction
on synaptic transmission and LTD. Stereotaxic injection under anesthesia was
used to bilaterally transduce perirhinal cortex in vivo with neuronal-specific
lentiviral vectors expressing either pepDA849-Q853-IRES-EGFP, pep-
K844A-IRES-EGFP, or a lentivirus expressing EGFP alone. Standard
behavioral paradigms were used to assess object recognition memory and
object-in-place memory.
Electrophysiological Recording
Slices of perirhinal cortex were prepared from adult male DA rats (150–230 g,
7–12weeks, Bantin and Kingman, UK). Animals were anesthetizedwith isoflur-
ane anddecapitated in accordancewith theUKanimals (ScientificProcedures)
Act 1986, the brain rapidly removed and placed in ice-cold high Mg2+ artificial
CSF (aCSF; bubbled with 95% O2 and 5% CO2), which comprised (in mM)
NaCl, 125; KCl, 2; NaHCO3, 26; NaH2PO4, 1.25; CaCl2, 1;MgSO4, 6; andD-glu-
cose, 10. A midsagittal section was made, the rostral and caudal parts of the
brain were removed by single scalpel cuts made at 45 to the dorsoventral
axis, and each hemisphere was glued by its caudal end to a vibroslice stage
(Campden Instruments, Sileby, UK). Slices (400 mm) that included perirhinal,
entorhinal, and temporal cortices were stored submerged in high Mg2+ aCSF
(20C–25C) for 1–2 hr before transferring to the recording chamber. A single
slice was placed in a submerged recording chamber (20C–25C, flow rate,
2ml/min) when required. The aCSF solution used for recording wasmodified
so that divalent cation concentration was 4 mM Ca2+, 4 mM Mg2+.
Whole-Cell Recordings
Pipette (4–7 MU) solutions (280 mOsm, pH 7.2) comprised 130 mM caesium
methyl sulfate, 8 mM NaCl, 4 mM Mg-ATP, 0.3 mM Na-GTP, 0.5 mM EGTA,
10 mM HEPES, and 6 mM QX-314. Stimuli were delivered alternately to two
electrodes (each electrode 0.033 Hz) placed on the entorhinal and temporal
cortex sides of the rhinal sulcus. These electrodes most likely stimulate feed-
back afferents from the entorhinal cortex into perirhinal cortex and feedfor-
ward afferents from area TE into perirhinal cortex (see Ziakopoulos et al.,1999; Cho et al., 2000). Neurons were voltage-clamped at –70 mV. To induce
LTD, low-frequency stimulation (LFS; 200 stimuli, 1 Hz), paired with depolar-
ization to –40 mV, was delivered to only one input. Amplitudes of the evoked
EPSCs weremeasured and expressed relative to the normalized precondition-
ing baseline. In experiments in which peptide is postsynaptically applied,
pepDA849-Q853 (100 mM; SigmaGenosys, Haverhill, UK) and peptidase inhib-
itors Pepstatin A, Bestatin, and Leupeptin (each 100mM; Tocris, Bristol, UK)
were dissolved into the intracellular filling solution. At least 20 min of dialysis
was allowed before the LTD protocol. In interleaved control experiments, the
same dialysis time was used as for the active peptide experiments, and
whole-cell filling solutions contained peptidase inhibitors. Unless otherwise
indicated, experiments were carried out in the presence of 10 mM picrotoxin
(Tocris, Bristol, UK). To determine the NMDAR dependence of LTD, 50 mM
D-AP5 (Tocris, Bristol, UK) was bath-applied by addition to the perfusate.
Pharmacologically isolated GABAA IPSCs were recorded at 40 mV in the
absence of picrotoxin but in the presence of NBQX (3 mM) and D-AP5
(50 mM). Intracellular caesium blocked GABAB IPSCs. Isolated NMDA EPSCs
were recorded at 40 mV in the presence of picrotoxin and NBQX.
Field Recordings
Five animals from each viral group that had previously been used in the behav-
ioral experiments (see below) were used for field recordings. The experimenter
was blind as to which animals the perirhinal slices originated from, which were
prepared as for whole-cell recordings. Electrodes were filled with aCSF and
placed within layer II/III to monitor evoked field responses. The average ampli-
tude of four consecutive evoked field EPSPs was measured and expressed
relative to the preconditioning baseline. Baseline responses were set to
70%of themaximal response. To induce LTD, 5Hz stimulation was delivered
for 10 min and to induce LTP, four trains of 100 Hz stimulation were delivered
with a 10 s interval between trains. Where used, 50 mM D-AP5 was
bath-applied after dilution into the aCSF from concentrated stock solution.
Data were recorded and analyzed as described for whole-cell recordings.
Data Analysis
Data were analyzed from only one slice per rat. Data pooled across slices are
expressed as means ± SEM, and effects of conditioning stimulation were
measured 30 min after LTD or LTP induction. Significance from baseline was
tested using paired or unpaired two-tailed t tests, as appropriate. Group com-
parisons used one-way ANOVA to examine the effect of treatment with LTD- or
LTP-inducing stimuli upon responses. For whole-cell recording, only cells with
series resistance <25 MU in which there was <20% change in Rs were
included in analysis. Data were recorded using an Axopatch 200 amplifier
(Axon Instruments, Foster City, CA), monitored and analyzed on-line and
reanalyzed off-line.
In Vivo Experiments
Male pigmented DA rats (total, n = 24; Bantin and Kingman, Hull, UK) weighing
200–230 g at the start of the experiment were used. Animals were housed
under a 12 hr light/dark cycle (light phase, 6:00 P.M. to 6:00 A.M.). Behavioral
training and testing were conducted during the dark phase of the cycle. All
animal procedures were approved by the local Ethical Committee and per-
formed in accordance with United Kingdom Animals Scientific Procedures
Act (1986) and associated guidelines. All efforts were made to minimize the
suffering and the number of animals used. All statistical tests were two tailed.
Lentiviral Preparation
VSV-G pseudotyped HIV-based lentiviral vectors expressing pepDA849-
Q853-IRES-EGFP, pep-K844A-IRES-EGFP, or EGFP alone under the control
of the CMV promoter were prepared using the HEK293T transient system pre-
viously described (Howarth et al., 2007) and viral titer determined by RT-PCR.
Transduction
Each rat was anesthetized with isoflurane (induction, 4%; maintenance,
2%–3%) and secured in a stereotaxic framewith the nose bar at 5.0 mmabove
the ear bars. The scalp was cut and retracted to expose the skull. Animals
received 2.0 ml bilateral infusions of lentiviral suspension via a handpulled glass
needle using a Harvard infusion pump, using a flow rate of 0.2 ml/min overNeuron 58, 186–194, April 24, 2008 ª2008 Elsevier Inc. 191
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the following stereotaxic coordinates relative to Bregma: anteroposterior,
4.8 mm; lateral, ±6.8 mm; height 9.1 mm. At the completion of surgery,
the skin was sutured, and an antibiotic powder (Acramide; Dales Pharmaceu-
ticals, Skipton, UK) was applied. All animals then received 5 ml of glucose
saline (subcutaneously) and systemic analgesia. After surgery, animals were
allowed 2 weeks to recover before the start of handling and behavioral habit-
uation. Of the 24 animals used, eight received pepDA849-Q853-IRES-EGFP,
eight pep-K844A-IRES-EGFP, and eight EGFP.
Behavioral Testing
Apparatus
Exploration occurred in an open-topped arena 1 m2 made of wood. The walls
inside the arena were surrounded with a black cloth to a height of 1.5 m so that
no external stimuli could be seen during the experiment (the black cloth was
removed for the object location task), and the floor of the arena was covered
with sawdust. An overhead camera and a video recorder were used to monitor
and record the animal’s behavior for subsequent analysis. The stimuli
presented were copies of objects composed of ‘‘Duplo’’ (Lego UK, Slough,
UK) that varied in shape, color, and size and were too heavy for the animal
to displace.
Pretraining
After being handled for 1 week, the animals were habituated to the arena
without stimuli for 10–15 min daily for 2 days before the commencement of
the behavioral testing.
Spontaneous Preferential Object Exploration Task
All eight animals from each group performed all of the behavioral tasks at all
delays, with a minimum 48 hr delay between the end of an experiment and
the commencement of the following experiment. The spontaneous preferential
object exploration task comprised an acquisition or sample phase, followed by
a preference test after a delay of 5 min or 24 hr. In the sample phase, duplicate
copies (A1 and A2) of an object were placed near the two corners at either end
of one side of the arena (15 cm from each adjacent wall). The animal was
placed into the arena facing the center of the opposite wall and allowed a total
of either 40 s of exploration of A1 and A2 or 4 min in the arena. At test (3 min
duration), the animal was replaced in the arena, presented with two objects
in the same positions: one object (A3) was a third copy of the set of the objects
used in the sample phase, and the other object was a novel object (B). The
positions of the objects in the test and the objects used as novel or familiar
were counterbalanced between the animals.
Object-in-Place Task
This task comprised a sample phase and a test phase separated by a 5 min
delay. In the sample phase, the subjects were presented with four different
objects (A, B, C, and D). These objects were placed in the corners of the arena
15 cm from the walls. Each subject was placed in the center of the arena and
allowed to explore the objects for 5 min. During the delay period, all of the
objects were cleaned with alcohol to remove olfactory cues and any sawdust
that had stuck to the object. In the test phase, two of the objects (e.g., B and D,
which were both on the left or right of the arena) exchanged positions, and the
subjects were allowed to explore the objects for 3 min. The time spent explor-
ing the two objects that had changed position was compared with the time
spent exploring the two objects that had remained in the same position. The
objects moved (i.e., those on the left or right) and the position of the objects
in the sample phase were counterbalanced between rats. If object-in-place
memory is intact, the subject will spend more time exploring the two objects
that are in different locations compared with the two objects that are in the
same locations.
Data Analysis
The rat’s behavior was recorded using an overhead video camera, and the
time spent exploring novel and familiar objects was analyzed off-line. All
scoring was done without knowledge of the animal’s viral transduction status.
D2 (the difference in time spent exploring novel and familiar objects/total
exploration time) was calculated. Zero corresponds to a lack of discrimination192 Neuron 58, 186–194, April 24, 2008 ª2008 Elsevier Inc.between novel and familiar objects. Group comparisons used one-way
ANOVA to examine the effect of treatment with virus upon discrimination ratio.
Histology
At the end of the behavioral experiments, three rats from each group were
anesthetized with euthetal and perfused transcardially with PBS, followed by
4% paraformaldehyde. The brain was postfixed in paraformaldehyde for
24 hr before being transferred to 30% sucrose in 0.2 M phosphate buffer
and left for 48 hr. Coronal sections were cut at 30 mm on a cryostat and
mounted onto slides. Sections were transferred into 0.8% PBST and then pre-
incubated in blocking serum (3% rabbit serum). Sections were then incubated
with a mouse primary antibody for NeuN (MAB377; 1:1000; Chemicon, Hamp-
shire, UK) for 48 hr. Sectionswerewashed in PBand then incubatedwith a fluo-
rescent secondary rabbit anti-mouse antibody (Alexa Fluor 568; Invitrogen) for
2 hr and then dried and mounted with Vectashield. EGFP, NeuN, and DAPI
expression was monitored using fluorescent microscopy. To quantify the
levels of transduction, the fraction of NeuN-positive cells also expressing
EGFP was calculated within the boundaries of the perirhinal cortex (Burwell,
2001) in an area (approximately 1.4 mm2) that encompassed the whole of
the region that included the in vitro stimulation and recording sites. The bound-
aries for quantification extended laterally in either direction 0.7 mm from the
middle of the rhinal sulcus and then down to the border between layer VI
and the underlying white matter.
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